We examined the phylogenetic relationships among populations of the Mexican endemic and endangered Phillips' kangaroo rat, Dipodomys phillipsii (Rodentia: Heteromyidae), using mitochondrial (cytochrome-b and 12S ribosomal RNA) and nuclear (growth hormone receptor and interphotoreceptor retinoid-binding protein) genes for a total of 3,110 base pairs. Gene sequences were analyzed under maximum-likelihood and Bayesian models of phylogenetic inference. 
compared individuals of D. phillipsii and D. perotensis and was unable to see the differences that Merriam (1894) reported. As a result, Davis (1944) suggested that D. perotensis be regarded as a subspecies of D. phillipsii. Hooper (1947) trapped specimens of D. phillipsii in Teotitlán, Oaxaca, and described D. p. oaxacae based also on size and fur color, recognizing the cranial similarities between his specimens and those of the geographically nearest subspecies, D. p. perotensis. Genoways and Jones (1971) analyzed specimens from several populations throughout the range of D. phillipsii and D. ornatus and suggested that a suite of morphological characters, including mastoid breadth, maxillar breadth, interorbital breadth, body size, and pelage coloration could be used to distinguish among the subspecies of D. phillipsii. They reported low levels of within-population variation in cranial dimensions, but high levels of within-population variation in pelage coloration. Because they could find no consistent morphological difference between D. ornatus and D. phillipsii, they reduced D. ornatus to subspecific status under D. phillipsii. Genoways and Jones (1971) generated a phenogram based on a morphological distance matrix but found no congruence between the phenogram and the geographic locations of their samples.
Evolutionary relationships among the geographic subunits of D. phillipsii have remained controversial since publication of the study by Genoways and Jones (1971) . In this study we use mitochondrial and nuclear DNA sequence data to test species monophyly and assess phylogenetic relationships within D. phillipsii. To place our results in a larger, historical biogeographical context, we estimate the time of major divergence events within D. phillipsii and among its close relatives.
MATERIALS AND METHODS
Sampling, amplification, and sequencing.-Samples of tissue of D. phillipsii or ear clips were either collected in the field under the authority of the Mexican collecting permit FAUT-0002 issued to FAC or donated to us by museums (Appendix I). We sequenced specimens from 17 localities in northern and central Mexico, including 6 localities of D. p. Hafner et al. [2007] ) were obtained from GenBank or generated for this study (Appendix I). The collection and processing of samples were undertaken following the guidelines of the American Society of Mammalogists for use of wild animals in research (Kelt et al. 2010; Sikes et al. 2011) .
Total genomic DNA was extracted from tissue using a standard phenol-chloroform protocol (Darbre 2001; Saunders and Parkes 1999) and a commercial kit (DNeasy Blood and Tissue Kit; Qiagen Inc., Valencia, California). Two nuclear and 2 mitochondrial genes were sequenced. The nuclear genes code for the growth hormone receptor (GHR) and the interphotoreceptor retinoid-binding protein (IRBP), and the mitochondrial genes code for a subunit of the respiratory chain protein cytochrome-b (Cytb) and the 12S ribosomal RNA gene (12S). Sequences were amplified by polymerase chain reaction (Saiki et al. 1988 ) using universal primers developed for rodents (Appendix II). The following polymerase chain reaction parameters were used to amplify both mitochondrial genes from fresh tissue samples: initial denaturation at 95uC for 2 min, followed by 27 cycles of denaturation at 95uC for 1 min, annealing at 49uC for 1 min, and extension at 72uC for 2 min, with a final extension at 72uC for 7 min (Mantooth et al. 2000) . Polymerase chain reaction parameters for mitochondrial genes obtained from dry skin clips were: denaturation at 94uC for 1 min, followed by 35 cycles at 94uC for 1 min, 50uC for 1 min, and 72uC for 1 min, with a final extension at 72uC for 5 min. Polymerase chain reaction parameters for the nuclear gene GHR were: denaturation at 94uC for 5 min, followed by 34 cycles at 94uC for 15 s, 60uC for 1 min, and 72uC for 1.5 min, with a final extension at 72uC for 10 min. Polymerase chain reaction amplification of the IRBP gene was performed as follows: denaturation at 95uC for 10 min, followed by 27 cycles at 95uC for 25 s, 58uC for 20 s, and 72uC for 1 min, with a final extension at 72uC for 10 min. Amplifications were performed with 200 ng of DNA in a total volume of 25 ml. Agarose (2%) gels were used to visualize amplified products. Polymerase chain reaction products were purified using a QIAquick PCR Purification Kit (Qiagen Inc.) with either polyethylene glycol or ExoSAP-IT (Affymetrix, Santa Clara, California). DNA sequencing was performed for both light and heavy strands with a Big Dye Terminator version 1.1, version 3.1 in an automated 3100 Genetic Analyzer (Applied Biosystems, Foster City, California) at the Instituto de Biología, Universidad Nacional Autónoma de México, and at the Museum of Natural Science, Louisiana State University.
Distance analysis.-Editing and alignment of sequences and matrix manipulations were performed in Sequencher 4.7 (Gene Codes Corporation, Ann Arbor, Michigan), MacClade (Maddison and Maddison 2000) , and Mesquite (Maddison and Maddison 2010) . Sequences were verified manually, and authenticity of the gene was confirmed by amino acid translation and BLAST searches in GenBank (http://blast. ncbi.nlm.nih.gov/Blast.cgi).
To enable comparison of our results with those of previous studies, average uncorrected sequence divergence values for the Cytb gene were corrected using the Kimura 2-parameter substitution model (Kimura 1980) in PAUP* (version 4.0b Swofford 2003) . This model has been used widely in studies of Cytb variation in mammals (Bradley and Baker 2001; Honeycutt et al. 1995) . We also calculated average maximum and minimum divergence values for each of the main clades in our study. To detect phylogenetic ''noise,'' saturation analyses for 3rd codon positions were performed as described by Griffiths (1997) . To explore the effects of 3rd position substitutions in phylogenetic reconstruction, we ran maximum-likelihood (ML) analyses including all 3rd position substitutions, omitting all 3rd position substitutions, and excluding only 3rd position transitions.
Phylogenetic analyses.-Our preliminary phylogenetic analysis included all specimens (n 5 21 individuals of D. phillipsii) for which we had partial Cytb sequences (1,022 base pairs [bp] ). To test monophyly of D. phillipsii, we included sequences from the closely related species D. merriami (n 5 2) and D. elator (n 5 2) as well as 1 sequence from several other species of the genus Dipodomys and H. irroratus (Appendix I; Alexander and Riddle 2005; Hafner et al. 2007 ). We selected 5 individuals from the Trans-Mexico Volcanic Belt (TMVB) clade and 5 individuals from the Mexican Plateau (MP) clade and sequenced these individuals for portions of the 12S, GHR, and IRBP genes. A partition homogeneity test in PAUP* (1,000 replicates, P 5 0.68 Swofford 2003) showed no significant heterogeneity among individual data sets, so the mitochondrial and nuclear data sets were concatenated for the remaining analyses, which were carried out with at least 5 representatives of each major clade. Variable nucleotide positions were considered unordered, discrete characters with 4 possible states (A, C, G, and T). Phylogenetic analyses were carried out under an ML framework in PAUP* or PhyMl 3.0 (Guindon and Gascuel 2003) . Analyses based on Bayesian inference (BI) were conducted using MrBayes (version 3.2-cvs- Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) . The best-fit models for ML and BI analyses were evaluated using the Akaike information criterion and the programs jModeltest 0.1.1 (Akaike 1973; Guindon and Gascuel 2003; Posada 2008 ), MrModeltest (version 2.2-Nylander 2004 ), or Modeltest (version 3.7-Posada and Buckley 2004 Posada and Crandall 1998 ). The GTR+I+G model was selected for the mitochondrial sequences, and the HKY+G model was selected for the nuclear sequences. ML clade support was assessed with 500 bootstrap (Felsenstein 1985) replicates in PAUP*, and clade support in BI analyses was evaluated using posterior probabilities.
Tree searches in the ML analyses were performed with the starting trees obtained via 100 random, stepwise additions followed by tree-bisection-reconnection branch swapping. To test preliminary results that showed a paraphyletic D. phillipsii, we conducted an additional ML analysis forcing D. phillipsii to be monophyletic and compared this tree to the unconstrained tree using the Kishino-Hasegawa test (Kishino and Hasegawa 1989; Schmidt 2009 ). In the BI analyses, bestfit models were applied to each data partition with unlinked parameters and allowing rate variation. The Metropolis Markov chain Monte Carlo analysis consisted of 2 independent runs of 10 3 10 6 generations in which trees were sampled every 10 3 generations, resulting in 10 4 samples for each run. The first 10 3 trees of each run were discarded as burn-in, and a majority-rule consensus tree was constructed using the final 1.8 3 10 3 trees. The analysis was stopped when the average standard deviation of split frequencies approached zero, and convergence also was assessed using Tracer 1.5 . The combined data set was analyzed as partitioned (genes and model parameters) to allow for independent convergence on optimal values for each component (Ronquist and Huelsenbeck 2003) .
The data sets were partitioned into mitochondrial versus nuclear genes, Cytb versus 12S genes, and GHR versus IRBP genes. Whenever possible, each gene fragment was analyzed separately to evaluate potential conflict among gene trees. Nodes were considered well supported if there was .80% bootstrap support in ML analyses or .95% posterior probability in BI analyses.
Divergence time analysis.-We used the program BEAST version 1.6.0 to generate an estimate of the timing of divergence of the basal polytomy involving D. phillipsii and its close relatives. The BEAST analyses included 1 Cytb sequence for each of the ingroup and outgroup species. A Yule tree prior was used, implicitly considering the gene tree to represent the species tree. The absence of dated fossils of D. phillipsii prevented us from using fossil-based time calibrations, so instead we used global substitution rates to calibrate our analyses . Substitution rates calculated exclusively for the genus Dipodomys are not available in the literature, so we used 3 published estimates for other rodent species. The 1st substitution rate estimate was 4.0% per 1.0 3 10 6 years calculated for the split between the pocket gopher genera Pappogeomys and Cratogeomys (DeWalt et al. 1993) . Pappogeomys and Cratogeomys belong to the family Geomyidae, which is sister to the Heteromyidae. The 2nd rate estimate we used was 4.78% per 1.0 3 10 6 years generated for the more distantly related house mouse, Mus musculus, and the 3rd was 5.23% per 1.0 3 10 6 years generated for the brown rat, Rattus norvegicus (Bininda-Emonds 2007). We excluded the frequently used rate of 2% per 1.0 3 10 6 years because it has been shown recently to be an underestimate of actual rates (Nabholz et al. 2009 ). We used a relaxed clock with a lognormal distribution allowing rate variation among sites. Chains were run for 10 7 generations, sampling the parameter every 10 3 generations. Convergence statistics were checked for effective sample sizes using Tracer version 1.5 . Consensus trees were generated from the resulting 10 4 trees using TreeAnnotator version 1.6.0 (Rambaut and Drummond 2009) after elimination of 10% as burn-in.
RESULTS
Distance and phylogenetic analyses.-We sequenced 1,022 bp of the Cytb gene, 796 bp of the 12S gene, 820 bp of GHR, and 470 bp of IRBP, yielding a total of 3,110 bp for use in the analyses. Initial ML and BI analyses using only Cytb sequences from the 21 individuals generated trees that differed only in relationships among terminal taxa (Fig. 2) . In these trees, D. phillipsii is divided into 2 well-supported clades, the MP clade, which contains all specimens currently assigned to D. p. ornatus (localities 1-6 in Fig. 1 ) and the TMVB clade, which contains all other samples of D. phillipsii in this analysis (localities 7-17 in Fig. 1 ). Initial analyses grouped the MP clade of D. phillipsii with D. elator, suggesting paraphyly of D. phillipsii, but support for this group was weak, causing us to collapse the 2 D. phillipsii clades plus D. elator and D. merriami into a strongly supported 4-way polytomy (Fig. 2) . The Kishino-Hasegawa test showed the tree with the MP clade of D. phillipsii sister to D. elator to be a slightly better fit to the sequence data than the tree forcing D. phillipsii to be monophyletic (2lnL 5 3,529.6743 and 3,673.9037, respectively), but the difference was not statistically significant (P . 0.285; 1-tailed test).
The analysis of substitutional saturation showed Cytb 3rd position transitions to be saturated, so ML analyses were rerun twice, once excluding all 3rd position substitutions and again excluding only 3rd position transitions. Trees resulting from both analyses showed the same 2 clades of D. phillipsii (as in elator and D. merriami were sequenced for the other 3 genes (12S, GHR, and IRBP). ML and BI analyses of the 12S sequences showed basically the same tree as in Fig. 2 , with only minor differences near the tips of the branches (tree not shown). Separate analyses of the nuclear genes showed little or no resolution at the shallow nodes but recovered the same major clades seen in the analyses of the mitochondrial genes (Fig. 2) . The partition homogeneity test showed no significant heterogeneity among individual data sets, so the mitochondrial and nuclear sequences were concatenated for all remaining analyses.
Bayesian analyses of the concatenated data set using the data partitions defined earlier showed the same subdivision of D. phillipsii into 2 well-defined clades (MP and TMVB) and the same 4-way polytomy involving the 2 clades of D. phillipsii, D. elator, and D. merriami (Fig. 3) . As in the other analyses, branch suppport values were generally higher for the basal nodes and slightly lower for some of the shallower nodes in the trees.
The Cytb divergence values (Table 1) show the 2 lineages of D. phillipsii (MP and TMVB) to be approximately 9.8% genetically divergent. In contrast, average within-clade divergence was only 1.5% for the MP clade and 1.2% for the TMVB clade. Genetic distances between the 2 D. phillipsii clades and D. elator ranged from 11.3% to 11.4% and distances between the 2 D. phillipsii clades and D. merriami ranged from 11.6% to 12.3%.
Estimates of divergence time.-Except for minor rearrangement of terminal taxa, the tree obtained in the BEAST analysis was identical to those generated in the ML and BI analyses (Fig. 2) . The Tracer analysis in BEAST confirmed a high effective sample size (.3,000) for all parameters. Estimates of divergence time (95% highest posterior density interval) for the node that marks the separation of the 2 D. phillipsii clades, D. elator, and D. merriami (black dot in Fig. 2 ) were 2.86-6.46 million years ago (mya) when the Pappogeomys-Cratogeomys rate calibration was used, 2.74-6.16 mya when the M. musculus calibration was used, and 2.83-6.24 mya when the R. norvegicus calibration was used. The mean node age based on these 3 estimates ranged from 4.19 to 4.29 mya.
DISCUSSION
All phylogenetic analyses (ML, BI, and BEAST) of the concatenated sequence data recovered a strongly supported clade composed of 4 genetically well-differentiated lineages: D. phillipsii (TMVB), D. phillipsii (MP), D. elator, and D. merriami (Fig. 3) . The composition of this clade is consistent with the molecular findings of Mantooth et al. (2000) and Hafner et al. (2007) Although phyletic resolution within the phillipsii + elator + merriami clade was poor, certain of our analyses suggested (with only weak branch support) that the 2 D. phillipsii clades may not be sister lineages. In contrast, the smallest Cytb genetic distance between clades in Table 1 (9.8%) was between the 2 D. phillipsii clades, thus supporting their sister status, followed by D. phillipsii (MP clade) and D. elator (11.3%). Cytb distance calculations should be viewed with caution, however, because it is well known that distance values can be misleading when substitution rates are heterogeneous among lineages (Rzhetsky and Sitnikova 1996) , and our test for homogeneous substitution rates in our data set led us to reject the assumption of clocklike behavior (PAUP*; P 5 0.0001). It also is important to note that accuracy of distance values lessen when they exceed 10% (Jin and Nei 1990) , which is the case in most of our interclade comparisons in Table 1 .
Although our results are ambiguous with respect to the question of monophyly of D. phillipsii, this question may be moot considering that the 2 lineages within what is now considered D. phillipsii (MP and TMVB) approach 10% Cytb sequence divergence. According to our estimates, divergence of these 2 lineages occurred approximately 4 mya, roughly contemporaneous with divergence of D. merriami and D. elator. We were unable to resolve this 4-way polytomy despite using a large number of base pairs from multiple genes (both mitochondrial and nuclear) and multiple phylogenetic approaches. We interpret our inability to resolve the branching sequence in this clade as resulting from near-simultaneous and rapid divergence of these 4 clades such that few, if any, molecular changes that would reveal the order in which these taxa diverged remain to be discovered today (Lanyon 1988; Spradling et al. 2004) .
Even if future studies show the 2 clades of D. phillipsii to be sister lineages, this finding would be irrelevant to the question of whether these lineages are genetically isolated and may represent distinct species. Although we are reluctant to base species-level designations primarily on level of Cytb divergence, the level of Cytb sequence divergence between these lineages (9.8%) is not trivial-it is well above the mean level of divergence (7.3%) measured between 19 pairs of sister Baker and Bradley (2006) in their discussion of the genetic species concept. Biogeographical considerations.-It has been proposed that the North American mammalian biota is young by geological standards and that most species-level diversification within mammals was largely in response to glacial and interglacial changes during the Pleistocene (Findley 1969; Orr 1960; Schmidly et al. 1993 ). However, new distributional, paleontological, and molecular evidence has shown that most phyletic diversification of the mammals of North American deserts took place during Miocene and Pliocene times (Hafner and Riddle 1997; Riddle 1995; Riddle et al. 2000; Vrba 1992 ). Our time estimates suggest that diversification of the 2 lineages of D. phillipsii also occurred prior to the major climatic fluctuations of the Pleistocene, and we contend that the TMVB, which is widely recognized as a generator of biological diversity, may have played a causal role in this divergence. The long and slow rise of this complex of mountain ranges that extends nearly from the Pacific Ocean to the Gulf of Mexico has been implicated as a causal force in phyletic diversification at multiple taxonomic levels in many organisms, frequently resulting in genetically isolated lineages north and south of the TMVB (Devitt 2006; Douglas et al. 2010; Esteva et al. 2010; Mateos et al. 2002; McCormack et al. 2008; Mulcahy and Mendelson 2000; Sosa et al. 2009; Zink and Blackwell 1998) . We believe that the 2 lineages of D. phillipsii are yet another example of the powerful isolating force of the TMVB.
Researchers have proposed multiple hypotheses for diversification of D. elator, D. merriami, and D. phillipsii, most assuming that this occurred in the MP and northward (Alexander and Riddle 2005; Lidicker 1960; Mantooth et al. 2000; Morafka 1977; Savage 1960) . Most of these scenarios suggest that diversification took place in response to development of extensive desert areas in North America, coincident with the uplifting of mountains in the United States and Mexico during middle and late Tertiary (Ferrari et al. 2000; Ferrusquía 1998) . One hypothesis (Lidicker 1960) suggests that D. merriami originally had a wider distribution than it does today and by peripheral isolation gave rise to D. elator in Oklahoma and Texas and to D. phillipsii in Mexico. Another hypothesis (Mantooth et al. 2000) suggests that a D. merriami-like ancestor gave rise to D. phillipsii, which originally had a wider distribution than it does today and eventually gave rise to D. elator in the southwestern United States. A 3rd scenario (also proposed by Mantooth et al. [2000] ) suggests that the D. merriami-like ancestor 1st gave rise to D. elator, then D. elator, in turn, gave rise to D. phillipsii. Because our analysis could not resolve the sequence of branching events in this clade, our findings cannot contribute to this debate. However, our findings suggest that each of these hypotheses is missing an important phyletic event: subdivision of ancestral D. phillipsii into 2 distinct clades (the MP and TMVB clades), probably in response to the final uplift of the TMVB in central Mexico.
Taxonomic conclusions.-The MP clade of D. phillipsii (currently recognized as D. p. ornatus) was originally described as a distinct species, D. ornatus, by Merriam (1894 Genoways and Jones (1971) only confirms that they are crypic, and possibly even sibling, species. Today, populations of the MP clade (D. p. ornatus) are separated from populations of the TMVB clade of D. phillipsii by .130 km, and the likelihood that these clades come into contact, much less interbreed, is extremely low. Moreover, the Cytb evidence suggests that these populations have been genetically isolated for approximately 4 million years. We believe that the sum total of the evidence suggests that D. ornatus should again be recognized as a full species distinct from D. phillipsii, and below we present a key that can be used to distinguish between these morphologically cryptic species with reasonable (77.4%) accuracy.
Dipodomys ornatus Merriam, 1894
Plateau Kangaroo Rat Geographic range.-This species is known only from the MP, where it has been collected in the states of Aguascalientes, Durango, Guanajuato, Jalisco, Querétaro, San Luís Potosí, and Zacatecas.
Description.-Total body length 252-302 mm; 4 toes on hind foot; dorsal coloration pale; interorbital region narrow (57.9-60.9% of mastoid breadth-Genoways and Jones 1971); mastoid breadth of skull narrow relative to maxillary breadth (ratio between mastoid breadth and maxillary breadth 1.08).
Dipodomys phillipsii Gray, 1841
Phillips' Kangaroo Rat (Synonymy under subspecies)
Description.-Total body length 230-304 mm; 4 toes on hind foot; dorsal coloration variable. Populations in the Valley of Mexico (D. p. phillipsii) show dark dorsal coloration, medium body size for the species, and broad maxillary and interorbital regions relative to mastoid breadth (Genoways and Jones 1971 
RESUMEN
Se examinaron las relaciones filogenéticas entre las poblaciones de la rata canguro de Phillips, Dipodomys phillipsii (Rodentia: Heteromyidae), especie amenazada y endémica, usando 2 genes mitocondriales (Citb y 12S) y 2 genes nucleares (GHR y IRBP), haciendo un total de 3,110 pares de bases. Las secuencias genéticas se analizaron con máxima verosimilitud y con modelos de inferencia bayesiana. Los análisis de los genes mitocondriales convergieron en esencialmente la misma topología de árboles de genes en los cuales D. elator, y D. merriami forman una politomía altamente apoyada, pero no resuelta. Los análisis de los genes nucleares muestran la misma subdivisión fundamental dentro de D. phillipsii, pero no proporcionan resolución adicional dentro de la politomía de 4 especies. Basados en análisis de tiempo de divergencia, colocamos la separación de estas 4 especies cerca del Plioceno medio, lo que sugiere que los procesos morfotectónicos que dieron origen a la Faja Volcánica TransMexicana pudieron influir en la diversificación en las especies Mexicanas de Dipodomys. Se proporcionan las sinonímias de D. phillipsii y D. ornatus junto con una clave taxonómica para las subespecies de D. phillipsii y D. ornatus.
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